The helical duplex architecture of DNA was discovered by Francis Crick and James Watson in 1951 and is well known and understood. However, nucleic acids can also adopt alternative structural conformations that are less familiar, although no less biologically relevant, such as the G-quadruplex. G-quadruplexes continue to be the subject of a rapidly expanding area of research, owing to their significant potential as therapeutic targets and their unique biophysical properties. This review begins by focusing on G-quadruplex structure, elucidating the intermolecular and intramolecular interactions underlying its formation and highlighting several substructural variants. A variety of methods used to characterize these structures are also outlined. The current state of G-quadruplex research is then addressed by proffering seven pertinent questions for discussion. This review concludes with an overview of possible directions for future research trajectories in this exciting and relevant field.
Introduction
A brief background on G-quadruplex structure Nucleic acids are composed of three building blocks: cyclic pentoses are interconnected via phosphodiester bonds and form the phosphosugar backbone. The heterocyclic bases guanine (G), thymine (T), cytosine (C), adenosine (A) and uracil (U) are attached to the sugar rings and provide the necessary chemical functionality to ensure substantial intermolecular and intramolecular forces (hydrogen bonding, pstacking) between base pairs, resulting in stable secondary and tertiary nucleic acid architecture. The bases experience very specific hydrogen bonding interactions with each other within the well-known double helical structure, known as 'Watson-Crick base pairing' (1) between G and C and between T and A. In RNA, G and C and A and U can pair up in a similar manner.
Watson-Crick hydrogen bonding, between G and C in both DNA and RNA, results from interactions between three heteroatoms on the respective nitrogen base, In the case of G, N 1 , N 2 and O 6 are the key atoms involved in establishing hydrogen bonding, and the face of G on which they are located is known as the Watson-Crick face ( Figure 1 , blue atoms). However, alternative hydrogen bonding contacts are possible for G using N 2 and N 3 along what is known as the Hoogsteen face, which can lead to triple-or four-stranded structures ( Figure 1 , red atoms).
It is this Hoogsteen face, along with the Watson-Crick face, that is critical in the formation of a G-quartet (G4), a structure involving 4 G bases hydrogen-bonded to each other ( Figure 2A) . Crystallographic evidence for G-quartets, or Gtetrads, was first provided by Gellert et al. in 1962 (2) . Gquartets have a large p-surface, approximately twice as large as the one of a Watson-Crick base pair; hence, p-stacking is highly favored and increases the stability of these complexes. Stacks of G-quartets p-stacked on top of each other are commonly known as G-quadruplexes and are the focus of this brief review ( Figure 2B ).
G-quadruplex topology
The formation of G-quadruplexes is strongly stabilized by the presence of monovalent (and divalent) cations which coordinate within the quadruplex core and interact electrostatically with the O 6 atoms ( Figure 2C ) (3) . The stabilization of G-quadruplex formation using such monovalent cations as Na q and K q cations is particularly well precedented. The ability of a cation to act as a coordinatively stabilizing agent within the quadruplex core is dependent upon two factors: the amount of energy that is released upon electrostatic coordination of the cation with the O 6 atoms of the G bases and the energy needed to dehydrate the solvated cation (4, 5) . K q is the strongest known coordinating monocation for Gquadruplexes (4) (5) (6) (7) (8) (9) .
G-quadruplex architecture is very diverse and a wide range of different topologies are known to exist. G-quadruplexes can form from either intermolecular or intramolecular interaction of G bases: unimolecular ( Figure 3A ) (10) , bimolecular ( Figure 3B ) (10) and tetramolecular forms ( Figure  3C -F) (10) have all been observed using crystallographic (11) (12) (13) (14) (15) or nuclear magnetic resonance (NMR) techniques (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) .
It must be taken into account that nucleic acids possess directionality (59 end to 39 end). All four strands can be in one direction (59 to 39) and thus 'parallel' or some/all can run in different directions and hence 'antiparallel'. The dif- 
two lateral loops and one diagonal one. Different strand topologies: (A) parallel G-quadruplex, all four strands have the same direction; (B) antiparallel G-quadruplex, two strands for each direction, each one adjacent to a parallel strand and an antiparallel one; (C) antiparallel G-quadruplex, two strands in each direction, each one adjacent to two antiparallel strands; (F) antiparallel G-quadruplex, three strands in one direction, one strand in the other (figure modified from Huppert (10)). Permission granted. ferent relative conformations of the strands are shown in Figure 3A-E. At a molecular level, the different directionality of the strands is related to the glycosidic angle x (O49-C19-N9-N4), which positions the G base and the phosphosugar backbone relative to each other (10) . The different base geometries and the corresponding glycosidic angles are illustrated in Figure 4 .
In intermolecular G-quadruplexes, contiguous strands are aligned next to each other without covalent connection. In intramolecular G-quadruplexes, however, loops are involved in connecting the G-bases that constitute the G-quadruplex and thus add a further level of diversity to topology. These loops can adopt several distinct conformations, as depicted in Figure 3B -E. Additionally, all quadruplex structures display grooves, which have been defined as the cavities between two adjacent G-bases bounded by the phospho- Interconversion between the anti-and syn-conformation occurs through rotation around the glycosidic bond x, which is defined as the angle O49-C19, N4-C8. Figure 6 Sample CD spectra depicting G-quadruplex formation. Parallel quadruplex: maximum at 260 nm, minimum at 240 nm (GT 4 ). Antiparallel quadruplex: maximum at 295 nm, minimum at 260 nm (G 3 T 4 ) (32). diester backbones. Groove dimensions are variable and depend on overall topology and the nature of the loops (29) .
The different possible strand topologies, the flexible number of G-tetrads, and the variable composition and conformations of loops all make the G-quadruplex a very interesting nucleic acid structural motif. For more detail on G-quadruplex structure and topology, please see the review by Burge et al. (29) .
Methods to study G-quadruplexes
The stability of a G-quadruplex, and hence its propensity for formation, depend upon factors such as cation type, cation concentration, solvent, presence of G-quadruplex-binding ligand and molecular crowding. There is a range of techniques that can be used to study G-quadruplex formation and stability. Complete structural elucidation on the atomic level can be achieved using either X-ray diffraction analysis or NMR spectroscopy (10) . Very high resolutions below 1 Å can be achieved using X-ray diffraction (10); however, as the samples in the solid state, crystal structure determination does not necessarily reflect solution-phase nucleic acid configuration. NMR spectroscopic analysis is performed in solution and can lead to similar resolutions, but requires highly concentrated pure samples, and base substitution or isotope labeling might also be necessary to elucidate full structural detail (10) . Given that the results from both methods can be in disagreement with each other, they should be regarded as complementary analytical techniques and ideally would be used in parallel (30, 31) .
Some other techniques used to analyze G-quadruplex structure are rather specific for one particular feature of the G-quadruplex structure and cannot be used to resolve the whole structure. Yet they are not less useful, because they often do not require extensive sample preparation. Among a number of techniques, UV-spectroscopy, circular dichroism and fluorometric analysis (fluorescence resonance energy transfer techniques) are the most widely used. The formation and stability of a G-quadruplex structure at certain temperatures can be assessed by monitoring the absorption at 295 nm and is characterized by a strong hypochromic shift (Figure 5) (32-34) . Such UV analysis can provide melting temperature determination and, following detailed van't Hoff analysis, further details about the thermodynamics of quadruplex formation such as DG, DH and DS (10). Circular dichroism (CD) can be used to distinguish all-parallel from antiparallel structures ( Figure 6 ) (35); however, prediction of quadruplex structure from CD spectral data is highly complicated, as only limited theory exists to date (36) . Fluorescence resonance energy transfer (FRET) can be used to report the separation of any two points of a G-quadruplex. This technique is as frequently used as the UV melting experiments described earlier. However, it is costly to add two fluorescent probes to a G-quadruplex and they might alter the structure and its biophysical properties (10) . For a complete overview on these techniques, in addition to further information about other analytical techniques for G-quadruplex structural elucidation, please see the review published by Ou et al. (37) . A significant body of research has been published exploring G-quadruplex formation and topology. But why is it so important to study and understand G-quadruplex structure and stability? What might the biological role of G-quadruplexes be and how might an understanding of structure and stability assist in elucidating and optimizing function? To what extent are the structure and the stability of a G-quadruplex-forming sequence predictable? What is the evidence for the in vivo formation of this exotic secondary structure and what role(s) might it play in a biological organism? What are the potential applications of this motif, biological and biotechnological? This review intends to address each of these essential questions in turn and thus outline the current state of G-quadruplex research.
Is it possible to predict G-quadruplex structure and stability?
Based on the data obtained using the biophysical analytical methods described above, it has been demonstrated that it is possible to approximately predict whether a sequence might be likely to form a quadruplex in vitro using 'the folding rule' (38) . This rule predicts that any sequence G n X 1-7 G n X 1-7 G n X 1-7 G n (Gsguanine, 3-n-5, Xsany base) will form a G-quadruplex and has been implemented algorithmically in a tool called quadparser, which is freely available to download from the internet (www.quadruplex.org) (39) . This algorithm can be used to scan a sequence of putative G-quadruplex sequences (PQSs); indeed, a scan of the human genome predicted the existence of 376 000 G-quadruplex forming sequences (38) . However, these predictive data should be interpreted carefully: quadparser can only scan nucleic acid sequences, which does not actually entail proof of formation either in vitro or in vivo formation. A powerful prediction tool would then take into account all factors affecting G-quadruplex stability. For further details on computational prediction of G-quadruplex formation, please see the reviews published by Todd (40), Ryvkin et al. (41) and Huppert (42) .
The stability of any given particular G-quadruplex structure can be affected by numerous factors. The stabilizing effect of cations has already been described; however, there remains some confusion regarding possible quadruplex destabilization upon exposure to lithium ions. Risitano et al. has reported that lithium ions exert a strong inhibitory effect of Li q on G-quadruplex formation but results from the Lacroix group do not confirm this effect (43) (44) (45) . Thermodynamic G-quadruplex stability is known to increase with the number of G-quartets involved due to extended p-p stacking (23) . Additionally, G-quadruplex topology also affects its stability: thermodynamic and NMR data suggest that the composition and length of the loops can also have an impact on G-quadruplex stability. The parallel strand conformation has been found to be thermodynamically more favorable than the antiparallel conformation for short loops, whereas long loops give rise to antiparallel G-quadruplexes ( Figure 7 ) (23, 45-51).
This phenomenon leads to structural polymorphism for intermediate loop lengths (Figure 8 ) (52) . In fact, a multitude of different G-quadruplex topologies have been found to exist for one G-quadruplex forming sequence, depending upon environmental conditions (53) . For example, the human telomeric motif can adopt an antiparallel configuration in the presence of sodium ions, but has been shown to adopt an all-parallel conformation in the presence of potassium ions (14, 54, 55) . Furthermore, sequences exist that form very unusual and unpredictable structures: c-kit87up wd(AGGGAGGGCGCTGGGAGGAGGG)x folds in such a way that a singular non-G-tract G participates in the formation of a G-tetrad core, despite the presence of four Gtracts in the sequence that each contain three consecutive G units (56, 57) .
Within a double-stranded context, such as the genome, Gquadruplexes exist in constant competition with duplex DNA: indeed, the interconversion between duplex and quadruplex has been studied for a range of sequences (6, (58) (59) (60) (61) (62) . Thus, why would G-quadruplexes form at all in the presence of the complementary strand, given the high stability of the duplex form? Results suggest that under near-physiological conditions, double-stranded DNA predominantly does not form a G-quadruplex. However, there are additional factors within a cell that can shift the equilibrium to favor quadruplex formation, such as chromatin structure, duplex supercoiling, molecular crowding and the presence of specific proteins and small molecule ligands capable of interacting with a G-quadruplexes (37, (63) (64) (65) (66) . Sun and Hurley have recently shown that negative superhelicity favors the formation of G-quadruplexes in double-stranded DNA under near-physiological conditions (67) .
Predicting G-quadruplex stability is therefore rather difficult, even for simple examples. Several factors affecting Gquadruplex stability have yet to be studied and the factors Figure 8 Antibody immunofluorescence staining and EM of Stylotricha lemnae nuclei. Stylonychia macronuclei and micronuclei were probed with the selected telomeric G-quadruplex DNA-specific scFv antibody probes Sty3 (binds to parallel G-quadruplexes) and Sty49 (no topology specificity). Incubation of the macronuclei with Sty3 did not produce a signal above the background level where no scFv was used (A). Sty49, by contrast, produced a clear signal when applied to vegetative macronuclei (B). Replication and telomere elongation occurs in the macronucleus in a morphologically distinct region, the replication band; however, no binding of Sty49 to this nuclear region was observed (C), even though the DNA concentration, and thus the concentration of telomere sequences, is higher there than elsewhere in the macronucleus, as evidenced by in situ hybridization with an FITC-labeled telomeric probe (D). As an internal positive control, in some experiments a few algae were added to the nuclei (red fluorescence in B and C due to the presence of chlorophyll within the algae). that have been studied can often not be quantified energetically. However, the accurate prediction of G-quadruplex stability from its sequence is necessary to scan genomes for PQSs with a low error rate and therefore of fundamental interest. Stegle et al. proposed a new machine-learning approach to predict the stability of an unknown G-quadruplex from an existing dataset of experimental values (68) . This approach could be the key to an improved G-quadruplex prediction tool.
Do G-quadruplexes form in vivo?
Several approaches to determine the occurrence of G-quadruplexes under physiological conditions have been reported in the literature. In silico studies have found that both prokaryotic and eukaryotic genomes contain many PQSs (39, 69, 70) . Within the human genome, these sequences (approximately 376 000) often appear to correlate with functional genomic regions (71) . They are particularly abundant in both the G-rich telomere sequences found at the ends of chromosomes and in eukaryotic gene promoters (39, 56, 70, 72, 73) . However, one of the fundamental problems with using quadparser as a means to determine where G-quadruplexes form throughout the genome is that it does not take into account the fact that a complementary strand within a stretch of double-stranded DNA will influence the stability of Gquadruplex formation. Given that the equilibrium between double-stranded and G-quadruplex states mainly lies to the left, the first experimental approaches initially focused on Gquadruplexes formation in PQSs that would necessarily occur in single-stranded form, such as the telomeric 39-overhang or RNA (71) . For G-quadruplex formation to occur in the presence of duplex DNA, canonical Watson-Crick base pairing must be made less favorable (71) . The two strands must be separated and the single strands stabilized and as this is an energetically unfavorable process, enhanced stability of the single-stranded structure must be promoted.
So far, research efforts have concentrated on the telomeric PQSs, in particular the telomeric 39-overhang sequences. Ciliates are an ideal model organism for studying the formation of G-quadruplexes in this region, as their cells contain transcriptionally active macronuclei displaying telomeres at higher concentrations than found in other genomes. Antitelomeric G-quadruplex antibodies were used to specifically bind to antiparallel G-quadruplex conformations formed in the Stylotricha 39 telomeric overhang d(TTTTGGGG) 2 in vitro, followed by in situ immunostaining using antibodies to allow electron microscopy (EM) visualization (Figure 8 ) (52) . The results showed that G-quadruplexes were absent during replication, suggesting that they must be resolved during telomere replication ( Figure 9 ) (74) . This is supportive of G-quadruplexes repressing telomerase activity and providing a capping function for telomeres, preventing them from being continually elongated as they are in tumor cells (52, 71) . Indirect approaches have provided evidence for the formation of G-quadruplexes in the 39-overhang region of ciliates: assuming that telomeric G-quadruplexes form in vivo and do possess biological functionality, one would expect their occurrence to be tightly regulated. Two telomere-end binding proteins, TEBPa and TEBPb, that specifically recognize the d(TTTTGGGG) 2 -overhang of Oxytricha, have been identified (52, 73) . Knocking down either of these proteins in Stylonycha using RNAi was observed by EM to lead to loss of G-quadruplex antibody staining (75) . The hypothesis that G-quadruplexes play a regulatory role in replication, especially during the S-phase of the cell cycle, is further supported by the fact that the activity of TEBPb is subjected to cell cycle-dependent regulation (75) .
However, in vivo evidence in the 39 telomeric overhang region in vertebrate cells has not been as thoroughly investigated. Lower telomere concentration in vertebrates does not allow for the use of immunostaining techniques for visualization -hence these methods have proven less definitive for demonstrating in vivo vertebrate G-quadruplex formation. Support for the presence of G-quadruplexes in human telomeres has been recently reported using a fluorescent cyanine dye that specifically binds to G-quadruplexes, allowing their visualization in vitro (76) . Interestingly, the G-quadruplexfolding activity that occurs in TEBPb is not conserved in its vertebrate homolog TPP1 (71, 77) .
G-quadruplexes could potentially form in other duplex regions of the telomere region, but this duplex structure would need to be separated in order to favor G-quadruplex formation. Separation events in the double-stranded telomere regions typically only occur during replication and transcription of telomeric DNA into telomeric-repeat-containing RNA (TERRA) (78) . If G-quadruplexes were formed during these cellular events telomere-specific helicases would be needed to unravel the quadruplex to ensure that replication and transcription is not blocked. Knockout experiments on the 'regulator of telomere length' gene (RTEL) in mice and embryonic stem cells resulting in chromosome-end fusions suggest that the protein product of the RTEL gene might function by unwinding secondary structures such as G-quadruplexes (79) . Moreover, the telomerase-specific helicases WRN and BLM (Human) and Sgs1p (Saccharomyces cerevisiae) have been shown to unwind G-quadruplexes in vitro and contain one conserved G-quadruplex-binding domain (80) (81) (82) (83) .
Is there also evidence for the occurrence of G-quadruplexes in other parts of the genome? Some G-rich genes form an unusual post-transcriptional structure in which the RNA produced remains bound to the template DNA strand; this leaves the coding strand free and causes loop formation (84) . These structures are known as RNA/DNA hybrids and the loops are known as G-loops. Duquette et al. have shown that intracellular transcription of G-rich regions can lead to the formation of G-quadruplexes in these G-loops in vitro using electron microscopy (84) . These findings were supported by Neaves et al. who have demonstrated that transcription of the plasmid pPH600 results in RNA/DNA hybrid formation and folding of the G-loop into putative G-quadruplex structures using atomic force microscopy (AFM) (Figure 9 ) (74). Further indirect evidence for non-telomeric G-quadruplex formation has been provided by knockdown experiments for a number of DNA helicases (DOG-1: Caenorhabditis elegans, FANCJ: human) that are thought to unravel G-quadruplex structures (85) (86) (87) . The downregulation of these helicases results in cells that tend to accumulate large genomic deletions in G-rich sequences predicted to include PQSs (39, (85) (86) (87) . Recent support for the presence of G-quadruplexes in the promoter regions of genes has also arisen from studies using whole-genome expression microarrays. The Gquadruplex stabilizing ligand TMPyP4 has been demonstrated to affect expression of 1200 genes, 700 of which are known to contain PQSs (88-90), providing further support for the hypothesis that G-quadruplexes provide a regulatory role in transcription. These observations are supported by recent findings of Fernando et al. who developed a singlechain antibody that is selective for G-quadruplex DNA over double-stranded DNA (91) . When this antibody is expressed in human cells it significantly affects the expression of a wide variety of genes, in a manner that correlates with the presence of predicted G-quadruplexes.
Messenger RNA contains untranslated regions (UTRs), known as introns, before the start codon (59-UTR) and after the stop codon (39-UTR) that are not translated into the protein sequence. There are approximately 3000 mRNAs for which the formation of PQSs in 59-UTRs has been predicted using the quadparser algorithm (92, 93) . These motifs can function as translational regulators: the Balasubramanian group has reported that the presence of a G-quadruplex in the 59-UTR of the NRAS proto-oncogene mRNA has been shown to modulate translational activity in vitro (92) . In vivo studies support the existence of mRNA G-quadruplexes: Wieland and Hartig have constructed mRNA-based G-rich elements that mask the ribosome binding site by folding into four-stranded structures. The suppression of gene expression was found to correlate with the stability of inserted G-quadruplexes (94) . Arora et al. demonstrated that the Zic-1 RNA G-quadruplex represses protein synthesis inside eukaryotic cells (95) .
The significant enrichment of PQSs in the functional parts of the genome and the results of the in vitro and in vivo studies described above suggest that G-quadruplexes form in living organisms and could very well possess key biological regulatory function within the telomeric and promoter regions of the genome. However, given that most in vivo experiments have been carried out on the telomeric regions of ciliates, future investigations should now focus on other putative G-quadruplex-forming sequences of the genome and on the transcriptome. New methods must be developed to directly detect G-quadruplexes in vertebrate cells. For a complete review on in vivo evidence for G-quadruplexes, please read the paper by Lipps and Rhodes (71) .
What biological role could G-quadruplexes play?
As described in the previous section, computational studies have shown that numerous PQSs exist throughout the functional parts of prokaryotic and eukaryotic genomes, such as promoter regions and telomeres. As these motifs are highly conserved, owing to their significant biological roles, these computational studies suggest with statistical significance that G-quadruplexes are likely to possess necessary biological functionality.
Telomeres are single-stranded repeats of TTAGGG from 12 to 200 bases in length (96) . They are found at the ends of chromosomes and are thought to protect them from deterioration. Telomeres gradually shorten with each cell replication cycle; however, an enzyme called telomerase is known to add telomeric repeats of TTAGGG to the 39-end of the chromosome and thus protect the telomeres from deterioration over time. G-quadruplex formation has been shown to inhibit telomerase action in vitro and could therefore act as a negative regulator of telomere regulation ( Figure 10A ) (97) . However, Zhang et al. recently showed that the opposite might be the case: the yeast telomerase subunit Est1p, which is known to recruit telomerase, was shown in vitro to promote the formation of G-quadruplexes (98) . Telomeric sequences in Esp1p-deficient cells were gradually shortened, suggesting that G-quadruplexes might actually play a positive regulatory role in the maintenance of telomere length (98) . In either case, G-quadruplexes possibly play a crucial role in the determination of cell lifetime and they are therefore likely to be involved in cancer. Kim et al. have shown that telomerase is expressed in 80-85% of cancer cells, but such activity is absent in somatic cells (99) .
Promoters regulate gene transcription and often serve as binding sites for proteins called transcription factors, which serve to further regulate transcriptional activity. Computational studies have shown that promoter-associated quadruplex motifs are often found either proximal to or overlapping with transcription factor binding sites, suggesting that G-quadruplexes could be cis-acting regulators of gene expression ( Figure 10B) (71, 100, 101) . The presence of G-quadruplex forming areas in promoter regions has been confirmed in vitro for a number of genes: the chicken b-globin, which encodes the b-subunit of the oxygen-transporting hemoglobin complex; the oncogenes c-myc, c-kit, bcl-2, VEGF, RET, Rb and k-ras; and the Hypoxia-inducible factor 1 which responds to changes in available oxygen in the cellular environment (102) (103) (104) (105) (106) (107) (108) (109) . The effect of a putative G-quadruplex on the transcriptional activity of a gene has only been extensively studied for the NHEIII-promoter region of the oncogene c-myc. This promoter region has been shown to regulate 90% of gene transcription in vitro (89) . Furthermore, 80% downregulation of c-MYC expression in MiaPaCa-2 cells was observed in vivo after 48 h treatment with 100 mM TMPyP4, a G-quadruplex-binding ligand that stabilizes quadruplex formation (90) .
As mentioned in the previous section, the presence of Gquadruplexes in the UTR of mRNA is suggested by the results of several computational and experimental studies (92, 93) . The incidence of PQSs in these regions is not random: the Huppert group has shown that their incidence shows significant strand asymmetry and positional bias. In 59-UTRs, G-quadruplex motifs tend to exist towards the 59-end of the 59-UTR supportive of function relating to translation initiation. With regard to 39-UTRs, G-quadruplex motifs tend to cluster immediately after the 39-end of the mRNA, particularly in cases of genes that have a proximal gene in the 39 direction. Therefore, G-quadruplexes in these regions could serve as a translational regulator and terminator/upregulator of gene transcription ( Figure 10C ) (93) .
The overall data suggest that G-quadruplexes could be involved in multiple cellular pathways; however, the in vivo formation remains unreported. Initial investigations into in vivo G-quadruplex formation are supportive of their existence and, indeed, of the fundamental role they can play in gene regulation and expression, but definitive proof of in vivo quadruplex formation remains a goal yet to be achieved in order to confirm their biological functions.
Is there an evolutionary pressure on Gquadruplexes?
Regarding the sheer volume of PQSs throughout the human genome, it is unlikely that all PQSs have biological functionality. A study of G-quadruplex genomic evolutionary conservation is therefore of fundamental interest for identifing functionally significant G-quadruplex sequences. Verma et al. have found more than 700 taxonomically related PQSs in gene promoter regions of human, mouse and rat genomes, suggesting that these sequences are conserved within the promoter (110) . Sequence conservation has been found to be more likely in runs of G-bases which are known to form stable G-quadruplexes (111) . These results would support G-quadruplex-forming sequences possessing biological function, as conservation often correlates with biological importance.
Statistically, short PQS patterns involving one-base loops should be the most predominate, as confirmed by a series of computational studies carried out by Huppert and Balasubramanian and Todd et al. (38, 112) . However, the prevalence of PQSs appears to be subject to evolutionary pressure, as the number of PQSs found was fewer than expected (38) . Wong and Huppert recently reported a computational study identifying potential evolutionary effects on PQS conservation and composition to identify functional relevant sequences and, out of 600 genomes tested, all but one contained fewer PQSs than expected statistically, suggesting that PQS formation is generally suppressed (39) . In prokaryotic genomes, PQS loops have often been found to be identical with regard to length and composition with loops of 3, 3, 3 bases or 3, 2, 3 bases particularly abundant in Escherichia coli (39) . Studies of human variation have shown that Gquadruplexes have in general been lost from the genome since our last common ancestor with chimpanzees, with only a few newly forming; however, these new ones have had a selective advantage and spread rapidly through the population.
These evolutionary studies suggest that G-quadruplexes are statistically likely to play a biological role in the genome. However, no such study has been carried out for the transcriptome so far and it would be of fundamental interest to find out whether G-quadruplexes are also repressed on the mRNA level or whether there exist preferred topologies consistent with one biological role. The identification of the proteins that bind to the taxonomically related genes reported by Verma et al. would serve to further confirm this hypothesis. Further investigations could also be performed exploring to what extent the G-quadruplex binding regions are conserved in mouse, human and rat, as interspecial similarities and differences could prove to be of further predictive interest.
Do G-quadruplexes have potential as therapeutic targets?
Current tumor chemotherapeutics commonly utilize agents that are cytotoxic despite considerable disadvantages (e.g., generation of tumor resistance and high cellular toxicity) that use of these agents present (113) . Such side effects are frequently the result of nonspecific and undesirable interactions of the active agent with the biological system into which it has been introduced. It would therefore be optimal to produce agents that have both specificity of action and efficient and effective reactivity. Indeed, given that replication and transcription of the genome is upregulated in most cancer cells, it would be most desirable to design and develop chemotherapeutics that could specifically address this upregulation at the nucleic acid level. Given the prevalence of G-quadruplexes in proto-oncogenic or telomeric regions of the genome, which have both been indicated to play significant roles in cancer progression, G-quadruplex binding ligands could be used to stabilize or disrupt a G-quadruplex within one of these regions in order to specifically modulate the activity of an enzyme while circumventing the drawbacks of current cancer treatment. Considerable effort has been focused on the development of such binding/stabilizing ligand such as Quarfloxin, a G-quadruplex-binding ligand that has been shown to disrupt the interaction of an rDNA/ protein complex and is already in phase II clinical trials (www.clinicaltrials.gov) (114, 115) .
Three binding modes are prevalent for G-quadruplex-binding ligands: they can stack upon the terminal G-quartet via p-p interactions (external stacking), intercalate between two G-quartets or bind to the grooves between two adjacent phosphosugar backbones (32) . Owing to these common binding modes, most G-quadruplex binding ligands reported to date share certain common structural characteristics. Firstly, they are frequently based on a polycyclic aromatic core that can have effective p-p interactions with the G-quartet. By incorporating one or more cationic side chains (usually protonated amino groups) to the core aromatic rings for electrostatically interaction with the negatively charged phosphodiester backbone of the DNA, G-quadruplex binding can be further enhanced (37, 113, (116) (117) (118) . The stability provided by these ligand-quadruplex interactions has been confirmed experimentally by several structural NMR and X-ray diffraction studies (13, (119) (120) (121) (122) (123) . However, the role that other structural G-quadruplex features play in ligand recognition is less well understood. For example, based on the results of diffraction analyses performed by Balasubramanian and Neidle and Campbell et al. suggest that the flexibility of loops that contain three or more nucleotides could also play a role in ligand specificity (113, 122) . For a complete overview on all core ligand structures synthesized to date, please see the review by Ou et al. (37) .
Most G-quadruplex-binding ligands have been targeted to bind to telomeric repeats, as these single-stranded regions are believed to be the most likely PQSs to form G-quadruplexes in vivo (vide supra). Several studies have demonstrated that telomeres could be highly relevant anticancer therapeutic targets (99) . Telomeres in cancer cells are known to be gradually elongated by the action of the catalytic telomerase reverse transcriptase subunit hTERT (human) and knockdown experiments on hTERT using siRNA, antisense and small molecule inhibitors have been reported to result in reduced growth of cancer cells (117, 124) . Currently, one of the tightest known G-quadruplex-binding ligand targeting the human telomeric repeat (TTAGGG) n is telomestatin ( Figure  11A ), a naturally occurring macrocycle found in Streptomyces anulatus (125) . Other potent molecules designed to target telomeric DNA reported to demonstrate in vivo anticancer activity are the polycycle RHSP4 ( Figure 11B ) and the acridine compound BRACO-19 ( Figure 11C ) (126) (127) (128) . Cell death due to displacement of bound proteins from the 39-overhang upon ligand binding, and possibly also telomerase uncapping is often induced after a few days of exposure to these molecules (129, 130) .
The hypothesis that G-quadruplexes localized in the promoter regions of genes can affect the transcriptional activity of a gene has been supported by a range of in vitro studies for such genes as c-myc, a (transcription factor) and k-ras, (a GTPase involved in signal transduction). This has led to the synthesis of a range of G-quadruplex-binding ligands for controlling proto-oncogenic gene expression. The G-quadruplex-binding molecule TMpyP4 has been demonstrated to downregulate transcription of the c-myc gene as well as other oncogenes and cell cycle controlling genes ( Figure 12 ) (90) . This same ligand has also been observed to downregulate transcriptional activity of the k-ras gene (131) . The c-kit proto-oncogene contains two G-quadruplex-forming motifs, both of which have been successfully targeted using an isoalloxazine compound ( Figure 13 ) which leads to decreased ckit mRNA levels in c-kit expressing cell lines (132) .
What are the molecular requirements for a small molecule to be a suitable G-quadruplex binding ligand? Strictly speaking, potential drugs would optimally target a singular G-quadruplex substructure within an entire genome. The ligand would possess double specificity: it would both discriminate duplex DNA from G-quadruplex DNA and also favor stabilization of one specific G-quadruplex above all to others. In reality, there still is a long way to go. Synthesis of small molecules possessing much higher affinity for G-quadruplexes than for double-stranded DNA has been achieved (116, 117) ; however, the sheer number of PQSs throughout the human genome appears to make singular G-quadruplex ligand discrimination a daunting task (38) . Selectivity could be increased by designing molecules that recognized the full range of the topology of G-quadruplexes. Many substructural motifs, for example, the number of G-stacks or the relative directionality of the strands, are not addressed by the small molecules that have been developed to date. A detailed structural analysis of the epitopes used for the immunostaining experiments described previously (52) could lead to the development of a new class of small molecules mimicking G-quadruplex-specific antibodies. Are there other possible strategies to improve selectivity? Modular design could be the key to higher specificity. For example, a fairly selective G-quadruplex ligand could be linked to a molecule that specifically binds to a nucleic acid binding protein in the immediate vicinity of the G-quadruplex structure. However, this approach requires a deeper understanding of the biological environment proximate to G-quadruplexes than is currently available. If one were to succeed in increasing affinity and specificity of such ligands, G-quadruplex-targeting molecules would have the potential to become a very powerful new class of drugs.
Are there other potential applications for Gquadruplexes?
In addition to targeting of G-quadruplex-forming sequences with small molecules or proteins in a pharmacological context, G-quadruplex structures could also be deployed within a nanobiotechnological context. The formation of G-quadruplex polymorphisms is known to be cation type-dependent, and this property has already been harnessed to develop a range of cation sensors. Kong et al. have designed a highly sodium-tolerant potassium sensor using a G-quadruplexforming oligonucleotide sequence and the fluorescent dye crystal violet ( Figure 14A ) (134); this system is also able to discriminate between parallel and antiparallel G-quadruplexes by characteristic fluorescence intensities ( Figure 14B ) (133) . Other groups have employed G-tracts immobilized onto the surface of a gold electrode to measure variations in current intensity in response to potassium-induced G-quadruplex formation (135) .
Nanodevices incorporating G-quadruplexes capable of linear or rotational movements have also been investigated. Alberti and Mergny have reported a device that performs an extension-contraction movement involving a single 21-base G-quadruplex-forming oligonucleotide in a duplex-quadruplex equilibrium (136) . Hou et al. have immobilized a Gquadruplex-forming DNA sequence onto a synthetic nanopore and showed that pore size varies according to K q concentration and that increasing potassium ion concentration triggers a conformational change in the oligonucleotide substructure (137) . Such biomimetic systems could prove useful for studying in vivo functioning of biological pores.
Self-assembly of G-tracts has also been reported as a means towards constructing scaffolds for functional nanomaterials, with spatial arrangement being directed by synthetic point modifications (138). Wong et al. have reported a non-covalent assembly of 16 guanosine monomers that can be crosslinked to obtain a G-quadruplex-like structure capable of transporting Naq across membranes, with 23 Na q studies confirming these results (139) .
Other potential applications of G-quadruplex-forming sequences have been reported. Aptamers are nucleic acid molecules that specifically bind to various biologically important molecules. The so-called thrombin-binding aptamer wTBA, d(GGTTGGTGTGGTTGG)x specifically binds The c-MYC proto-oncogene, the most consistently downregulated gene in this study, is highlighted. A number of other genes, including c-MYC-regulated genes, proto-oncogenes and cell cycle controllers, were also specifically affected by TMPyP4. thrombin, a coagulation protein in the blood stream, and inhibits its activity (140) (141) (142) . With a view to nanodevice application, Yoshida et al. have developed an aptameric enzyme subunit, composed of an enzyme-binding aptamer (TBA) and a target molecule-binding aptamer (143) . Binding to the target protein was detected by monitoring thrombin activity (143) . A remarkable property of G-quadruplex-forming sequences might lead to the use of G-rich anticancer aptamers, as discovered by Choi et al. (144, 145) . Upon the discovery of a nucleolin-targeted G-rich 26-mer known as AS1411 (144) , which has now entered phase II clinical trials, they synthesized a series of G-rich oligonucleotides of various lengths by random incorporation of bases and analyzed them with regard to their CD stability, cellular uptake, protein binding and ant proliferative activity (145) . Unexpectedly, those oligonucleotides whose CD spectra were supportive of G-quadruplex formation were shown to strongly inhibit cancer cell growth (145) . Moreover, these oligonucleotides were observed to be more stable, with an cellular uptake rate (145) . Their cancer-selective antiproliferative activity could be due to these G-rich sequences binding to proteins involved in cancer growth and by G-quadruplex formation causing a modulation of their activity. Therefore, G-quadruplexes themselves could function as an anticancer drug.
What about the complementary strand? An introduction to the i-motif
A consideration of G-quadruplexes should also take into account another DNA substructure known to exist in nucleic acid regions which are complimentary to quadruplex-forming domains. In vitro experimental evidence for the complementary strand to the human telomeric sequence d(GG-GTTA) n , known as an 'i-motif', was reported by Gehring et al. in 1993 (146) . This unusual structure is based on protonated C-C base pairs whose stability is strongly dependent on low pH ( Figure 15A ) (147, 148) . These stack upon each other via p-p interaction in an intercalated manner, forming the i-motif ( Figure 15B) . A variety of i-motif structural conformations, involving different intercalations and looping topologies, have been reported (147, 149) . No in vivo evidence has thus far been reported for the occurrence of imotifs; the non-physiological low pHs at which i-motifs are stable could indeed prevent their physiological occurrence. However, they can form at near-physiological pH, and given the relatively small unfavorable free energy at physiological pH, it is not hard to imagine that small changes in supercoiling, bending, local pH, ligand binding and other factors could induce stable i-motif formation in vivo. Potential imotif forming sequences are abundant in the biologically relevant part of the genome; owing to their complementarity to PQSs, the prevalence of their occurrence will be just as frequent as that found for all duplex PQSs. Interestingly, C-rich sequences appear in the centromere of some human chromosomes: Gallego et al. have reported that the CENP-B box, the binding site of centromere protein B, folds back on itself and forms a dimeric i-motif (150, 151) .
The i-motif has potential applications in nanotechnology as it can function as a one-dimensional scaffold (152) . An ingenious nanodevice to map spatial and temporal pH changes inside living cells involving an i-motif was recently reported by Modi et al. (153) . Their group synthesized a 'molecular hinge' of double-stranded DNA with a singlestranded C-rich overhang and fluorescent markers at both ends. At sufficiently low pH, the former rigid structure folds upon itself and the two extremities form an i-motif. This process was followed via FRET between the two fluorophores. This is an efficient reporter system with a relatively wide pH range 5.5 to 6.8 and could potentially be used to map endosome maturation spatially and temporally in vivo.
Outlook
The G-quadruplex field has blossomed in recent years and has provided a wide range of fascinating hypotheses and proofs of principle. It has led to some very valuable detailed work in structural biology and in medicinal chemistry, and some elegant discoveries in biophysics. The real challenge over the next 5-10 years is for this field's promise to be truly realized, with clearer evidence that these structures play an important role in vivo, that they can be effectively and selectively targeted by drugs, and/or that they can play an important role in bionanotechnology. We believe that the potential inherent in these structures will soon be actualized, and we encourage other researchers to address the seven questions we have posed in this article in order to further our understanding of G-quadruplexes.
Highlights
• DNA and RNA can form complex secondary structures, including guanine-rich G-quadruplexes.
• These structures are fascinating in their own right and could play important roles in biology and nanotechnology.
• We are beginning to be able to predict the structure and stability of G-quadruplexes.
• There is increasing evidence that G-quadruplexes can form in vivo, although further work is required to demonstrate their functions.
• G-quadruplexes appear to play a wide range of biological roles, at least in vitro, including in telomeres regulating transcription and regulating translation.
• Evolutionary pressures act on G-quadruplex-forming motifs, reducing their number in many genomic regions, but increasing it in regulatory domains.
• Many ligands have been developed that can bind G-quadruplexes, from small molecules to proteins. These show good selectivity for G-quadruplexes over duplex DNA, but as yet are not highly specific for unique G-quadruplex sequences.
• The G-quadruplex motif can be useful in nanotechnology as an aptamer, a structural switch or as a wire.
• C-rich complements can form their own four-stranded structure known as an 'i-motif': this can form biologically and is also useful as a pH-sensitive element in nanotechnology.
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